Pulse pressure (PP) is a strong determinant of cardiovascular damage beyond steady-state pressures and as such is incorporated in guidelines for risk prediction. 1 Several aspects of aortic function regulate central arterial PP including aortic stiffness and backward wave pressures. [2] [3] [4] The relative contribution of backward traveling waves to central arterial PP is identified as augmentation index (AIx) and AIx (or augmented pressure [Pa]) is in some studies, an independent predictor of cardiovascular outcomes. 5 Whilst increases in AIx have traditionally been attributed to increases in aortic stiffness which enhance pulse wave velocity and cause premature arrival of backward waves in systole, several alternative factors have been identified as contributing more to variations in AIx or Pa than aortic stiffness. In this regard, factors that influence the forward traveling wave amplitude, 6-9 the magnitude of the forward wave, 10 the magnitude of the backward wave, 10 forward wave peak width, 10 and the slope of the backward wave upstroke, 10 all contribute to variations in AIx. Although a shorter stature, and hence an earlier return of reflected waves has generally been the explanation for an increased AIx in women, more recently an increased forward wave peak width, slope of the backward pressure wave, and forward wave amplitude, but not backward wave amplitude have been suggested to be the main determinants of an increased AIx in women of the Framingham Heart study. 10 Whether the same factors explain sex differences in AIx or Pa in alternative population groups is nevertheless uncertain.
Pulse pressure (PP) is a strong determinant of cardiovascular damage beyond steady-state pressures and as such is incorporated in guidelines for risk prediction. 1 Several aspects of aortic function regulate central arterial PP including aortic stiffness and backward wave pressures. [2] [3] [4] The relative contribution of backward traveling waves to central arterial PP is identified as augmentation index (AIx) and AIx (or augmented pressure [Pa] ) is in some studies, an independent predictor of cardiovascular outcomes. 5 Whilst increases in AIx have traditionally been attributed to increases in aortic stiffness which enhance pulse wave velocity and cause premature arrival of backward waves in systole, several alternative factors have been identified as contributing more to variations in AIx or Pa than aortic stiffness. In this regard, factors that influence the forward traveling wave amplitude, [6] [7] [8] [9] the magnitude of the forward wave, 10 the magnitude of the backward wave, 10 forward wave peak width, 10 and the slope of the backward wave upstroke, 10 all contribute to variations in AIx. Although a shorter stature, and hence an earlier return of reflected waves has generally been the explanation for an increased AIx in women, more recently an increased forward wave peak width, slope of the backward pressure wave, and forward wave amplitude, but not backward wave amplitude have been suggested to be the main determinants of an increased AIx in women of the Framingham Heart study. 10 Whether the same factors explain sex differences in AIx or Pa in alternative population groups is nevertheless uncertain.
Whilst increases in the magnitude of the forward wave exceed that of the backward wave in explaining age-related increases in aortic PP in the Framingham study, 11 the magnitude of backward waves exceeds that of the forward wave in contributing to age-related variations in aortic PP in a community of African ancestry. 12 Furthermore, in groups of African ancestry backward waves contribute more to variations in measures of cardiovascular end-organ damage than forward waves. 12, 13 However, whether increases in backward wave magnitude account for sex differences in AIx or Pa in groups of African descent has not been determined. As the factors that determine sex-related differences in AIx may assist in identifying targets for therapeutic interventions, it is important to assess whether backward wave magnitude explains sex differences in AIx in groups of African descent. Hence, in the present study, we assessed the relative contribution of aortic forward and backward wave magnitude and timing to the relationship between sex and AIx or Pa in a relatively large community-based sample of African ancestry.
METHODS

Study group
The present study was conducted according to the principles outlined in the Helsinki declaration. The Human Research Ethics Committee of the University of the Witwatersrand approved the protocol (approval number: M02-04-72 and renewed as M07-04-69 and M12-04-108). Participants gave informed, written consent. The present study design has previously been described. [14] [15] [16] [17] 
Clinical, demographic, and anthropometric measurements
A questionnaire was administered to obtain demographic and clinical data. [14] [15] [16] [17] Height and weight were measured using standard approaches and participants were considered to be overweight if their body mass index (BMI) was ≥25 kg/ m 2 and obese if their BMI was ≥30 kg/m 2 . High-quality brachial blood pressure (BP) measurements were obtained as previously described 15 in the seated position after 5 minutes of rest by a trained nurse-technician using a standard mercury sphygmomanometer according to guidelines. The mean of 5 measurements obtained at least 30 seconds apart was taken as office BP. Hypertension was defined as a mean BP ≥140/90 mm Hg or the use of antihypertensive medication. Laboratory blood tests of renal function, liver function, blood glucose, hematological parameters, and percentage glycated hemoglobin (HbA 1c ) were performed. Diabetes mellitus (DM) or an abnormal blood glucose control was defined as the use of insulin or oral hypoglycemic agents or an HbA 1c value greater than 6.1%.
Pulse wave analysis
Central aortic hemodynamics were estimated using pulse wave and wave separation analysis as previously described. 12, 13, 16, 17 After participants had rested for 15 minutes in the supine position, arterial waveforms at the radial (dominant arm) pulse were recorded by applanation tonometry during an 8-second period using a high-fidelity SPC-301 micromanometer (Millar Instrument, Houston, TX) interfaced with a computer employing SphygmoCor, version 9.0 software (AtCor Medical Pty, West Ryde, New South Wales, Australia). The pulse wave was calibrated by manual measurement (auscultation) of brachial BP taken immediately before the recordings. The peripheral pressure waveform was converted into a central aortic waveform using a validated generalized transfer function incorporated in SphygmoCor software. Recordings where the systolic or diastolic variability of consecutive waveforms exceeded 5% or the amplitude of the pulse wave signal was less than 80 mV were discarded. Central aortic PP (PPc) was determined as the difference between aortic systolic BP and diastolic BP. Mean arterial pressure was determined using SphygmoCor software. Aortic Pa was determined as the difference between the pressures at the second and the first systolic peaks of the aortic pulse wave. To avoid obtaining negative aortic AIx values in young participants, AIx was determined as the pressure at the second systolic peak of the aortic pulse wave/the pressure at the first systolic peak of the aortic pulse wave expressed as a percentage. Aortic backward (Pb) and forward (Pf) wave pressures were determined from wave separation analysis of the SphygmoCor-derived aortic waveform using a "triangular flow wave" (also from SphygmoCor software). 18 The reflection magnitude (RM) (sometimes referred to as the reflection coefficient or reflection factor) was calculated as Pb/Pf. Backward wave foot time, and time to the peak of the forward wave, were also determined from SphygmoCor software.
Data analysis
For database management and statistical analysis, SAS software, version 9.3 (SAS Institute, Cary, NC) was employed. To compare aortic hemodynamics between women and men at similar ages and accounting for confounders within each age range, aortic hemodynamic variables were compared at 10-year increments in age from 20 years of age upward with adjustments for variations in age, age 2 , mean arterial pressure, pulse rate, BMI, regular smoking, regular alcohol intake, and the presence of DM or an HbA 1c >6.1% within each 10-year age category. Stepwise multiple linear regression analysis was performed to determine the independent relations between aortic hemodynamic parameters. Also included in the models were age, age 2 , sex, mean arterial pressure, pulse rate, BMI, regular smoking, regular alcohol intake, the presence of DM or an HbA 1c >6.1%, and treatment for hypertension. To determine probability values, further adjustments for nonindependence of family members was performed using nonlinear regression analysis (mixed procedure as defined in the SAS package). To ensure that the results were not influenced by the effects of antihypertensive therapy, which can markedly modify aortic hemodynamics, sensitivity analysis was conducted in participants not receiving antihypertensive therapy. Moreover, to ensure that the use of the "triangular flow wave" to separate the forward and backward waves did not affect the interpretation of the data, sensitivity analysis was also conducted in only those participants in whom the actual aortic flow wave was employed to separate the forward and backward waves.
RESULTS
Characteristics of the participants
The clinical and demographic characteristics of the female and male participants are shown in Table 1 . Two percent of participants had a history of cardiovascular disease. Importantly, a high proportion of participants had hypertension, and 37.7% of hypertensive women and 63.6% of hypertensive men were not receiving antihypertensive therapy. Moreover, 60.5% of women and 63.4% of men receiving therapy had an uncontrolled BP. Women were markedly more obese.
Sex differences in aortic hemodynamic variables
With adjustments for age, age 2 , mean arterial pressure, BMI, pulse rate, regular smoking, regular alcohol, DM or an HbA 1c >6.1%, and treatment for hypertension, females were noted to have an increased PPc, Pa, AIx, Pb, RM, and time to the peak of the forward wave and decreased backward wave foot time as compared to men (Tables 2, Supplementary  Tables S1 and S2 ). However, women and men had a similar Pf (Tables 2, Supplementary Tables S1 and S2 ).
Sex differences in aortic hemodynamics across the adult age range
With adjustments within each age category for age, age 2 , mean arterial pressure, BMI, pulse rate, regular smoking, regular alcohol, DM or and HbA 1c >6.1%, and treatment for hypertension, females were noted to have an increased Pa and AIx as compared to males across the adult lifespan (Figures 1  and 2 ). Whilst in men, Pa and AIx increased across the adult life span, in women, increases in Pa and AIx were noted until 40-50 years of age and thereafter they tended to remain similar or decrease (Figures 1 and 2 ). Whilst with adjustments, no marked sex differences in Pf were noted across the adult age 
Correlates of AIx and Pa
In stepwise regression models, Pa (Tables 3 and  Supplementary Table S3) and AIx (Tables 4, Supplementary  Tables S4 and S5 ) were independently associated with female gender. The inclusion of RM markedly reduced the slope (β-coefficient) of the relation between female gender and AIx or Pa (Tables 3 and 4, Supplementary Tables S3-S5) . Similarly, the inclusion of Pb reduced the slope (β-coefficient ± SEM) of the relation between female gender and AIx (18.5 ± 1.3 to 15.1 ± 1.2) or Pa (3.81 ± 0.34 to 2.05 ± 0.19), whilst in these models Pb showed independent relations with AIx (β-coeff icient ± SEM = 0.97 ± 0.09, P < 0.0001) or Pa (β-coefficient ± SEM = 0.73 ± 0.02, P < 0.0001). However, the inclusion of neither Pf nor the time to the peak of the forward wave, produced significant decreases in the slope (β-coefficient) of the relation between female gender and Pa or AIx and indeed Pf was inversely associated with AIx (Tables 4, Supplementary  Tables S4 and S5 ). Although the inclusion of time to the foot of backward wave did attenuate relations between female gender and AIx (Tables 4 and Supplementary Tables S4 and  S5 ), the inclusion of time to the foot of the backward wave did not significantly attenuate relations between female gender and Pa (Tables 3 and Supplementary Table S3 ).
DISCUSSION
The main findings of the present study are as follows: In a randomly selected community sample of African ancestry, augmented pressures and AIx were independently related to female gender and these gender-specific effects were attributed largely to the impact of backward wave pressures and magnitude, with little or inconsistent contributions from forward wave pressures, time to the peak of the forward wave, or backward wave foot time.
Several recent studies have underscored the potential importance of aortic backward (reflected) waves, as described from wave separation analysis, as a possible independent determinant of cardiovascular end-organ damage 12, 13 and cardiovascular outcomes. [19] [20] [21] [22] Although the backward wave, as indexed by the reflection factor (backward wave/forward wave pressures), has been demonstrated to play little role in the increases in augmented pressures and AIx in women as compared to men of the Framingham Heart Study, 10 whether the same holds true for alternative population groups is uncertain. In this regard, groups of African ancestry have a particularly high AIx as compared to Caucasian, AmericanIndian, and Chinese populations. 23 Moreover, in contrast to the Framingham Heart Study, where increases in the magnitude of the forward wave exceeds that of the backward wave in explaining age-related increases in aortic PP, 11 the magnitude of backward waves exceeds that of the forward wave in contributing to age-related variations in aortic PP in a community of African ancestry. 12 Hence, the question arises as to whether forward wave pressures and alternative factors contribute more than reflected wave magnitude or pressures to sex differences in AIx in groups of African ancestry. In the present study, we show a marked contribution of the RM and backward wave pressures with little contribution of the forward wave to the relationship between augmented pressures and AIx and female gender in a group of African ancestry. The present study therefore highlights the importance of targeting aortic backward rather than forward waves in females of African ancestry.
In the present study, the greater impact of adjustments for RM rather than Pb on the relationship between gender and either Pa or AIx is attributed to the fact that Pb is strongly influenced by Pf and hence that relations between Pb and AIx are in part attributed to the inverse relationship between Pf and AIx. Indeed, the correlation (r 2 ) between Pb and Pf in the present study sample was equal to 0.56 (P < 0.0001). To exclude forward wave effects on Pb, Pb was expressed as a proportion or percentage of Pf (RM). Hence, RM (Pb/Pf) was used as a simple approach to identifying the forward wave-independent effects of backward wave pressures.
Although the reasons for possible differences in the impact of backward vs. forward waves on the relationship between AIx and female gender in the present vs. prior 10 studies are unclear, several possibilities may be considered. In this regard, groups of African ancestry are well-recognized as being saltsensitive and we have previously demonstrated that relations between salt-intake and BP in groups of African ancestry are mainly with PP, including aortic PP and AIx, rather than with steady-state pressure. 16 Thus, salt-intake may produce a pronounced effect on aortic backward wave pressures in groups of African descent and this may manifest in a sex-specific manner. Second, other than ethnic differences between the Framingham Heart Study 10 and the present study there are several demographic differences between these studies including a greater prevalence of hypertension and a higher BMI in women as compared to men in the present study. These factors were nevertheless in-part controlled for in multivariate adjustments (by adjusting for MAP and BMI in the models) and are therefore unlikely to explain differences between studies. In addition, in the present study sample, BMI was inversely associated with backward wave magnitude and pressure and as women were more obese than men, this is more likely to have attenuated RM and Pb in women. Third, there is some evidence that human immunodeficiency virus (HIV) infection is associated with an increased aortic AIx. 24 As the prevalence of HIV infection is estimated to be over 10% of the population in South Africa, 25 it is possible that HIV infection may contribute to AIx in the current study sample. In this regard, because we did not have access to preand post-test counselling, we could not perform routine HIV testing. However, there are no marked sex differences in HIV prevalence rates in adults. 25 Therefore, it is unlikely that HIV infection can explain sex-specific effects on AIx in the present study. Fourth, an important consideration is that in the prior study conducted in an alternative ethnic group, 10 the contribution of factors to the aortic pressure wave was assessed by modifying the forward wave while keeping the reflected wave constant. This analysis 10 was conducted without first assessing whether the modified forward flow wave, when summed to the backward flow wave, provided a realistic flow. Hence, Data are expressed as mean ± SD. Adjustments are for age, age 2 , mean arterial pressure, pulse rate, body mass index, regular smoking, regular alcohol intake, the presence of diabetes mellitus or an HbA 1c > 6.1%, and treatment for hypertension. Probability values were further adjusted for nonindependence of family members using nonlinear regression analysis (mixed procedure). Figure 1 . Differences in multivariate-adjusted aortic hemodynamic variables between women and men of a community sample of African ancestry across the adult age range. *P < 0.05, **P < 0.005, ***P < 0.0001 vs. men in that age range. Adjustments are for age, age 2 , mean arterial pressure, pulse rate, BMI, regular smoking, regular alcohol intake, and the presence of diabetes mellitus or an HbA 1c > 6.1% and antihypertensive therapy within each 10-year age category. Probability values were further adjusted for nonindependence of family members using nonlinear regression analysis (mixed procedure). Abbreviations: AIx, aortic augmentation index; BMI, body mass index; Bt, backward wave foot time; Ft, time to peak forward wave; Pa, aortic augmented pressure; Pf, aortic forward wave pressure; RM, reflection magnitude. Figure 2 . Differences in multivariate-adjusted aortic hemodynamic variables between women and men not receiving antihypertensive therapy from a community sample of African ancestry across the adult age range. *P < 0.05, **P < 0.005, ***P < 0.0001 vs. men in that age range. Adjustments are as indicated in Figure 1 , but without adjustments for antihypertensive therapy. Probability values were further adjusted for nonindependence of family members using nonlinear regression analysis (mixed procedure). Abbreviations: AIx, aortic augmentation index; Bt, backward wave foot time; Ft, time to peak forward wave; Pa, aortic augmented pressure; Pf, aortic forward wave pressure; RM, reflection magnitude. Included in the models were regular alcohol intake and diabetes mellitus or an HbA 1c > 6.1%. Probability values were further adjusted for nonindependence of family members using nonlinear regression analysis (mixed procedure). *P < 0.0001 vs. model 1 (without RM). Abbreviations: BMI, body mass index; Bt, backward wave foot time; Ft, time to peak forward wave;
MAP, mean arterial pressure; Pf, aortic forward wave pressure; RM, reflection magnitude. a
Indicates no difference from model 1 (P > 0.07).
b
Indicates treatment for hypertension.
Table 4.
Correlates of aortic augmentation index in a community of African ancestry (n = 1,197) Included in the models were regular alcohol intake and diabetes mellitus or an HbA 1c > 6.1%. Probability values were further adjusted for nonindependence of family members using nonlinear regression analysis (mixed procedure). *P < 0.005, **P < 0.0001 vs. model 1 (without RM). Abbreviations: BMI, body mass index; Bt, backward wave foot time; Ft, time to peak forward wave; MAP, mean arterial pressure; Pf, aortic forward wave pressure; RM, reflection magnitude. whether different approaches to assessing hemodynamic factors explain the differences between studies in those factors that contribute to sex-specific differences in AIx, is uncertain. Similar to the Framingham Heart Study which demonstrated that women have a wider forward wave peak than men, 10 in the present study, we show that women have a longer time to the peak of the forward wave than men. This is likely to be explained by a longer systolic ejection time 26 and the well described increase in left ventricular systolic function reported to occur in women as compared to men. This could in-part mediate deleterious effects on end-organs by increasing the chance of the backward wave merging with the forward wave. However, in contrast to Caucasian community samples, 10 where a wider peak of the forward wave accounts for a significant proportion of the enhanced AIx in women as compared to men, in the present study, adjustments for the time to the peak of the forward wave produced only a modest (not significant) attenuating effect on relations between Pa or AIx and female gender. As SphygmoCor software does not assess the width of the forward wave peak, we were unable to evaluate the role of the width of the forward wave peak. Hence, we may have underestimated the impact of a longer systolic ejection time and left ventricular systolic function in women on AIx or Pa.
As the present study was conducted in the SOWETO community of Johannesburg, South Africa, the question arises as to whether this community represents groups of African ancestry in general. In this regard, people living in this community are largely derived from Nguni and Sotho chiefdoms and based on linguistic and genetic studies these chiefdoms originate from west and east Africa during the expansion of Bantu-speaking peoples. 27 Hence, at least from a genetic perspective, the present data is likely to represent groups of African descent in Africa as a whole and in other areas of the world. However, we cannot exclude the possibility of differences in environmental influences modifying the impact of aortic backward waves in women as opposed to men in the present community sample.
In the present study, because of the absence of this measure in SphygmoCor software, we also did not assess the contribution of the maximal slope (time derivative) of the upstroke of the backward wave to sex-specific effects on AIx or Pa. In this regard, an increased slope of the upstroke of the backward wave has also been demonstrated to contribute to sex differences in AIx or Pa. 10 However, it is unclear whether an increased slope of the upstroke of the backward wave contributes to end-organ changes independent of backward wave magnitude. Hence, further studies are required to evaluate whether the upstroke of the backward wave contributes to cardiovascular damage independent of backward wave magnitude and whether these effects are sex-dependent.
There are several limitations to the present study that warrant consideration. First, to determine aortic pressure, the radial pulse wave was converted into an aortic pressure wave using an algorithm (generalized transfer function) which is incorporated into the manufacturer's software. Because of an inability to externally validate this algorithm, this approach may be limited. Second, the assumptions intrinsic to the use of the "triangulation method" of aortic wave separation may not be ideal. 28 In this regard, as compared to a triangular flow wave, where the leading edge is assumed to be linear from the inflection point to the dicrotic notch, the aortic flow wave may have a leading edge which is best represented by a shoulder. As a consequence, reflected wave magnitude derived from wave separation analysis employing a "triangular flow wave" may not correlate that well with reflected wave magnitude derived from wave separation analysis employing an actual flow wave. 28 However, in 392 participants of the present sample with aortic velocity measurements, we were able to show a correlation (r 2 ) between backward wave pressure derived from the "triangulation method" vs. "actual aortic flow" methods of wave separation of 0.82 and between forward wave pressure derived from the "triangulation method" vs. "actual aortic flow" methods of wave separation of 0.88. Moreover, in sensitivity analysis conducted only in those participants who had wave separation analysis performed using an actual aortic flow wave, we were able to reproduce the essential findings of the present study. Hence, at least in the present study, the use of the "triangulation method" is unlikely to have significantly affected our results. Third, in the present study, calibration of the radial waveform from brachial BP measurements ignores amplification of BP from brachial to radial arteries. 29 Hence, aortic pressures are likely to have been underestimated using the current approach. However, neither AIx nor RM (which are ratios of 2 pressures, both affected to a similar extent by calibration errors) and hence the sex-specific effects of RM on AIx reported on in the present study are likely to have been affected by errors in calibration.
In conclusion, in the present study, we show in a large randomly recruited community-based sample of African descent in South Africa, that the relationship between aortic augmented pressures or AIx and female gender is to a large extent attributed to an increased backward wave magnitude rather than forward wave pressure. This is in contrast to what has been noted in largely Caucasian population samples 10 and highlights the need to therapeutically target aortic backward wave magnitude rather than forward wave pressure specifically in women of African descent. 
